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(57) The conducting paste consists of a particulate 
conducting nnaterial that Is held together in a matrix by 
a polymeric binding material that can be further modified 
to Include recognition elements and/or electrochemical 
transducers. The conducting material comprises carbon 
particles, metal particles, or metafeed carbon particles. 
The matrix comprises a binding polymeric substance 
that can be hydrophilic or hydrophobic. The electrodes 
iricorporate said conducting paste and optionally a me- 
' diator, while the sensors also include a chemical or bi- 
ological recognition element. The electrodes and sen- 
sors achieve high. current densities, are highly permea- 
ble and rigid and they can be constructed by screen- 
printing or jet printing techniques. Analytical instruments 
and electrochemical equipments that include, at least, 
one of said electrodes or sensors, are also disclosed, 
as well as electrochemical reactors containing said con- 
ducting pasta. 
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Description 

HELD OF THE INVENTION 



The Invenlion in general refers to the construction of electrodes, sensors and bioelectrochemical readers In par- 
ticular it refers to an electron-conducting composition. In the form of a paste, suitable lor the fabrication of electrodes, 
sensors, and electrochemical reactors, that consists of a conducting material In the form of particles, that are held 
together by means of a polymer in a matrix that can ba rrodified to include biological or chemical recognition elements 
and/or electrochemical mediators. The invention also refers to electrodes and sensors manufactured with sard paste 
by methods of molding, screen printing or jet printing (dot matrix printing), as well as to electrochemical instruments 
that contain said electrodes or sensors and to electrochemical reactors and bioreactors. 



BACKGROUND OF THE INVENTION 



The electrochemical methods for the detection and analysis of analytes present usualV a low cost alternative to 
techniques requiring more expensive instrumentation and laborious operation. Especially since Ihe appearance ol 
biosensors, various electrode conligurations have been developed so that the analytical behavior of said electrodes 
meets the reliability and convenience requirements for analytical applications (for example, repeatability, precision 
and low cost). Said configurations have been based on carbon fibers, phololilhography. screen printing, and carbori 
20 paste materials. 

At the same time it is of special importance the miniaturization and manufacturability of such electrodes. A common 
problem related with miniaturization is the requirement that the electrodes reach high current densities that can ba 
measured without the necessity of sophisticated signal amplification and processing electronics. To achieve such high 
current densities the electron flux to the electrode should not be limited by kinetic processes and should be limited as 
zs close as possible by mass transport of the substrate (analyte) to its surface without the introduction of an additional 
diffusion barrier such as a membrane. In this manner electron fluxes can be achieved that can be translated to high 
electrooxidation or electroreductlon currents (in the amperometric operating mode) or short response times (in the 
■ potentiomelric operating mode). The manufacturability on the other hand requires that the electrodes be constructed 
reproducibly. Other requirements for manufacturability are the stability of the electrodes under operating and storage 
30 conditions as well as their mechanical stability. 

Specifically for biosensor applications it should be added the requirement for the reproducible inclusion in the 
electrodes of the varbus constituent parts: The biorecognition and transduction chemistries (i.e. biological molecules 
and substances able to transfer electrons) and the various effectors that can improve the activity of the biological 
molecule. 

35 For example, in the analytical applications of amperometric enzyme electrodes and of biosensors when the sample 

is aqueous and the analytes hydrophilic. to achieve high mass and electron flux, the electrodes have to present high 
hydrophiiicity and permeability and high microscopic surface area in contact with the sample. In addition, in many such 
configurations where the transduction signal of the biological reaction Is effected by means of mediators that transfer 
electrons, the microenvironment of the electrode has to favor the reaction rates of the analyte with the biological mol- 

^0 ecule, and that of the biological molecule with the transduction chemistry (mediator) maintaining at the same time the 
electrocatalytic activity of the conducting ■phase* high enough so that all the processes are as fast as possible. In this 
way the previously mentioned objective that the limiting (slowest) step for the response be Ihe transport of the analyte 
to the electrode, can be achieved. 

In the last 20 years various electrode configurations based on these criteria have been developed. Such efforts 

« have been intensified due to the simultaneous development of biosensors. The applications of such configurations can 
be for disposable or continuous use. The configurations that have solved the problem of the current densities are 
oriented towards the Increase of the specific surface area of Ihe used materials , with the use , for example, of reticulated 
graphite [Wang, J., (1981) Anal. Chim. Acta, 26, 1721-17261 or with electrodeposltion of conducting particles [Crum- 
bliss, A.U Perine. S.C., Stonehuemsr. J., Tubergen, K.R., Zhao, J., Henkens, R.W., andO'Daly. J.P, (1992), Blotechn. 

so Bioeng.. 40. 483-490; Ocon-Esteban, R. Leger. J.M., l^my, C. and Genies, E. (1989) J. Appl. Electrochem., 19. 
462-464). These strategies are generally limited by manufacturability problems adding steps to the production process. 

A promising alternative for applications that allow high production costs (for example for prolonged or continuous 
use or those that solve a grave security or contamination monitoring problem) is the use of photolithography to construct 
the conducting basis of the electrode and the subsequent modification of these electrodes with the biological and 

ss transduction chemistries. In addition to the high costs these techniques imply various production steps increasing the 
complexity of the manufacturing process and possibly limiting its reproducibility 

There have bean described electrode configurations based on solid carbon and on carbon pastes [Gilmartin, A.T 
M., and Hart. J.P.. (1 995) Analyst. 120. 1029-1045, Gorton, L, (1995) Electroanalysls. 7. 23-45, Kalcher. K., Kauffrnann. 
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added to Ihis limitation that the tlux o( the analyte deoonds onZ ^^'^'^^^^^ '«*""9 """'^l- " should be 

Electron conducting compositions have also been described that include the condu Jtinn ™ J?? i ^^u- 
ognition and transduction chemistries EPK)351891-MeDISENSE Howrv«r ^ "^^ '"°'*'=- 

are used as inks in screen printing, high percentages ol non conducting polymers are ne^ess^T 

removed by themial pretreatment to increase the conduclivily of the nk ir h^o ^ whKh are generally 

.10..,. coM«,on.. p,...n. ,„po™. „^ „.ch«,i„l Tl,i.""„,ton n*?. L JaJj"^ 



«> SUMMARY OF THE INVENTION 



for th« fZ!.=^^^r °" conducting composition in paste fom,. homogeneous, reprodocibte adequate 

for the abncation of electrodes, sensors and flow through electrochemical reactors, that consiste of rcU^rffn^ 
matenal .n part.culate form that acquire consistency trough a binding hydrophilic or hy j^^hobfe Sv^er STend ina 

rerariixre^:^^^^^ 

The invention also describes electrodes and sensors fabricated with said composition by moldina iet fdotl nrintinn 
or screen printing. Said electrodes and sensors permit high electron flux, and high mass trans^St ra^ of^l^S^^ 
are m,n,atur,sable. and show operating stability and reproducibility of response Additionally and oXna Iv s^d el^" 

a'hhh ?" "mechanical slabiliv with the Incluslon of crosslinking agents t "e 1,'? 

trcdp^ « <he invention describes analytical Instruments and electrochemical devfces that TontaiTsa d elec- 

Suctrers." «'e«rochemlcal reactors that include said ccmpos«lon with ana^^al. extr^ltor 

*s BRIEF DESCRIPTION OF THE FIGURES 

hi«wrjf J ^ schematic representation of an electrode described in this invention(a). and an example of the 

binding polymenc material (b). a redox mediator (c) and a cross-linking agent (d) example of the 

sc „K, electrochemical behavior of an electrode described in this invention (B) as compared with that 

^;^rJe:r:doT« 

Figure 4 shows the amperometric steady state response curve of an electrode described in this Invention in which 
ss the enzyme fmctosa dehydrogenase and a redox mediator have been Incorporated "nvoniion in which 

r'^"'" if^uT ""^ ^'"""^^ response in the flow injection mode obtained with an electrode described in this in- 
vention in Which the enzyme glucose oxidase and a redox mediator have bean incorporated 

Figure 6 shows a part of the electrochemical equipment containing a packed-bed reactor, in this ease an alectro- 
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chemfeal biorsaclor (see the enlargad part of the Figure) comprising filters and a luba ratainino the condii«h/« 
(graphite), the cross-linking agent, the biological catalyst and the redox mediator 

h«H ^ 'T' "^"^ ^"^^ °' ^ S'"'^^ "ow system containinq a oaeked 

bed reactor as shown in Figure 6. and in which the biological catalyst is glucose oxidase '^""'^'"'"a ^ paclced- 

« «r,lT! f, '^P^^"'' 5?°*" "'^^'^ "'^ opatHtional mode of an electrochemical reactor as seen in Fioure 

6. and that It can be used tor the production of added valtie materials, e.g. gluconate [see Example H ^ 

DETAILED DESCRIPTION OF THE INVENTION 

The electFoi^ conducting compoaitten. in paste form, and adequate for electrode, sensor and electrochemical flow 

of a part«uteto conducln/e material kept together by a binding polymeric compound (binder polymer iri a maTr^fhat 

More specificalV. sa>d composttton. in paste form comprises of a conductive material in particulate form and a^m^c 
substance at least 1 0% per weight of the total material. povmenc 

The conducting material allows electron nux through the conducting paste and is present in the form of M^^^^ . 

,rrgrr:::;ow'""^^'^'^'^ • <:^^ 

a) . A carbon based material included as such as for example are the particles of carbon, graphite, cartoon fibers 
or ^ reous carbon particles, or formed in situ as for example through pyrolysis of organic mJ^erLls at Ngh ter^ 
peralures or by electrochemical oxidation; ^ 

b) . A carbonaceous rnalerial as that described in part (a) that has been modified to include various functionalities 
by chemical, electrochemical, radiative or plasma treatment- lunc.ionaiiiies 

'y °' S'^^Ps 'B and VIII 01 the periodic table of the elements, and more 

L «spSe m'iEaT,;? " s.ectrodeposii^n ofThelr 

la^d eTectrhSIS^al l^^T' " '^""^""""'^""^ ^"^^ ^ -'''^ --"ar mixed or 

^e). metallised carbon particles; and 
f). combinations of said materials (a)-(e). 

orJl'rl^Tr^H^"^ T7!^- P^Ci^'es. metal particles or metalised carbon particles. In a 

^ 1 , W K ^ °' ""^ ^'"^ conducting material consists of carbon or graphite particles optionallv 

sr,hat^SuTjrrr"'i"''"'°^?='^^^ 

matrix that mc udes the binding polymenc substance or deposited electrochemically; or combinations of carbon or 
graphite particles optionally modified with metal particles. 

The binding polymeric substance provides mechanical stability and integrity to the conducting paste allowing at 
the same time the free movement and transport of analytes and additives through the conductive paste The bind^no 
polymeric substance can be a hydrophUic or hydrophobic polymer depending on the application. In general such pol 
ymers contain lui^ctionalities that interact with the conducting particles andfar groups that can be easily crosslinked or 
that can be modified chemical^ to introduce such groups and functionalities, and to increase their hydrophilic or hv- 
drophobic character. Said polymeric binding substance can optionally contain proteins or polypeptides, natural syn- 
thetic or recombinant in a proportion more than S% per weight in respect to the total composition, or nanoparticles 
such as eurface:modifled latex nanoparticles to introduce . for example, some croeslinking functionality to the conduct- 
ing or polymeric material. . = ' •■VUl.l 

In a specific embodiment, when the paste is destined for the fabrication of electrodes and sensors to be used in 
aqueous medium, as Is for example, blood, fernnentation broths, iridustrial affluents, etc.. or alternatively in organic 
media, the polymeric binding substance used for the construction of the conducting paste consists of a hydrophilic 
polymer, optionally accompanied by a protein or natural peptide, synthetic or recombinant, soluble in water or aqueous 
solvents. As hydrophilic polymer can be used in general whatever polymer synthetic or natural, linear or branched 
soluble In water or aqueous solvents, ith a molecular weight between ten and 500 kilodaltons (kCya) that has one or 
all of the following characteristics: 

a) . FunctionalHias that permit efficient crosslinking of (ha polymeric binding substance with the biomolecules and/ 
or the conducting phase, for example amines, carboxylks acids, ateohols. anhydrides and aldehydes andfor 

b) . functionalHies that improve the interactions between the po^meric binder and the conducting phase,' lor example 
aromatic rings, and heteroatomic aromatic rings, thiols, sulfohydrils, and/or 
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T ^a^^"^ '"'"""^ ~"''"«'"9 paste by electrostatic interactions andfor hydrogen 
l>onds. lor example charged groups as those ol quaternary ammoniums, or amides. "iwrogen 

Examples of such hydrophilic polymers can be linear or branched poV(elhylenlmines). optionally modified or 
polymers of vinyl(pyridine) optionally quatemised with amino-groups as shown In Floure ih uZfo L 
numberofpyridlneshavebaenquaternisedwnhe,hy.a,r,lnes.Oplna^^^ 

such as albumm of whatever origin and with varying Isoelectric points (plasma, rnilk. egg. bovine seZ)^ S else 
satd^tem or polypeptide can be present in a proportion higher than 5% per weight retred to theToTi. weTgh, 0'": 

conducting paste is destined for the construction of electrodes and sensors that 
operate ,n hydrophobic conditions because the analyte or the biorecognilion element or the mediator r^J^re hyiro 
^te jrZ,!, • '^y'^"'P^"-;"^7'"«"' ^en the consistency ol Ihe electrode is promoted by^Cho^ 
fCofTh? cZ^. "^'^ '""r ^ P^'''^- tf'en the polymeric binSer used for the clstruc- 

tion of the conducting phase consists of a hydrophobic polymer optbnally accompanied by a protein or DotTen,H« 

nattiral. synthetic or recombinant, insoluble in water or aqueous solvents.! hydrophobic p^^^^ 

ever polymer synthetic or natural, insoluble in water and aqueous solvents natural or synthelic. linear or branSS 

with a molecular weight between 10 and 1000 kDa. optionally containing functionalities Lt inc^ase rts hyd opS 

character, lor example, ethers, or aromatic rings that optionally can contain at least one heteroalorn 

Oni^.Xl".'!'^"'^'^ ^ K PoWstyrene). non-modified polyvinyl pyridine), cellulose, chitosan. etc 

2tcluig?aTt"" 

Altemaliveb^. if it is necessary to increase its mechanical stability and the operating stability of the electrode the 
conductuig paste (or composition) in paste form described in this invention can also contain a crossl^WnraoVn,' in a" 

^^Ti ^ w -^^fu"? P^'"^"'^'«*)- ^ <"°sslinking agent can be used whatever compound capable ol lorrriing- 
c«/alent bonds wrth the unclionalities of Ihebinder polymer and/ortheconductingparticles.lnapa 

or m^rnSlT?* " ""'^T 'T '^'"^ - hetero functional moieuL" b ^ 

or muthfunctwnal that can react easily with the previously mentioned polymer functionalities in organic or aqueous 
solvents, such as az.ridines b- and multifunctional, di- and poly(epoxides). di- and polyadlehydes. polyols containing 
vicmal hydroxyl groups, activated carbodiimidas. di- and poly(amines), di- and potythiols containing 
.r"''""""^ ''^^'^ described in this invention can be obtained easily by simple mixing of Ihe appropriate quan- 
mies of the various componants. prelarably in the presence of a small quantity ol water (fn the cas^ of hydrSc 
bmder) or an organic solvent (in the case of hydrophobic binder) since the inclusion of such solvents improves the 
homogeneity of the mature. The resulting paste permits the flux of electrons and matter (analyte. products, reactants 

P^Mh? ■ Tk " ""^^'^"^ '^^ '^''"'=^"°" °' electrodes, sensors, and eVectLhemical reaSors 

For this, in the conducting paste fomiulatlon of the inventton. can be added the corresponding electrochemical medi^ 

TunT^Zl ,t^,'°'^^T'''T '"^K ^' the adequate quantities obtaining a modified con- 

tZTnn P^^^'^^' P;«*^"«V'^^°'°9'c Characteristics that allow its processing and management by molding, screan- 
pnnting, and ,et (dot matrix) printing electrode, sensor and electrochemical flow-through rector manufacturing tech- 



The invenllon also describes an electrode that consists of an electron conducting composition In paste form de- 
scribed previously, in molded form, and compacted manually or with the help of a press, or alternatively and pref e/ablv 
through the use of screen or jet printing.-Oplionally, the conducting paste used for the electrode fabrication can contain 
in addition of the of the conducting material in particulate form, and the binder polymer, a mediator or transducing 
chemistry. i.e. a substance capable to transfer electrons, of those that are customarily used in the Industr/ havinq a 

'ft^ZTT^^Tf^"" y ^""^ ' ''''^'^ "^'"^^''^ ^'^'^^^ (2^^) ^^^^P'e osmium bis 

(bipyndine) dichloride and its derivatives, f errocenes and other metalocenes and their derivatives, or ruthenium com- 
plexes and tha.r derivatives; a low molecular weight electron transfer protein such as cytochrome c; a quiiioide sub- 
stance; a phanazene containing substance; or a redox polymer 

AddhlonalV. the invention describes a sensor that contains the electron conducting composition previously de- 
scribed, and a biorecognitlon or chemical recognition element and/or a mediator. The term 'sensor- whan used without 
further definition Includes chemical and biological sensors or biosensors. 

The temi 'chemical sensor' as used in this disclosure refers to an analytical instrument that incorporates a chemical 
recognition element In its construction. Intimately connected or integrated to an electrochemical transducer For this 
the conducting paste used for the fabrication of a chemical sensor contains in addition to the conducting material In 
particulate form and the binding polymer, an element of chemical recognitten together with when is advantageous an 
electrochemical mediator defined previously. The term -chemical recognition element" as used in this disclosure refers 
to a chemical material thai has the capacity of molecular recognition and includes materials that permit the selective 
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exchange or complexatton of ions, as for example zeolHes, membranes, etc. that can be used to detect the presence 
fJlTlT ^? ^"^'y.'^^'^^'P'-- °' ^°^P^^-^^ Of matals .hat catalyze the chemical transfoonatten of ^alTs 
for example, complexes of copper, cobalt, nithenlum with pyridines. Imidazoles, poly amines etc In a particX em 
?e?rsi .!?orLTd . "r;"" ' ^" 'on-selectlvT^ocKtall in which the cJ^^^enTs 

ion^l f ^'^"T '"~'P*"^'«'^ "'^ «' *e conducting p^ste. Fluoride, sulfur, sulfide. JTsZl 

ions are examples of ions of analytical interest. 

ooralif iZ^"?^?"**"' 'his disclosure refers to an analytical Instrument that incor- 

porates a biological recognition element connected or Integrated intimately to an electrochemical transducer the b - 

LTh.^ K biosensors contains in addition lo the conducting material in particulate form and 

2l(inrf„? • ^" TH^ b.orecogn,t.on element together with, when advantageous, an electrochemical medX as 
,ht h -bK-recognition element" in the sense used in this disclosure refers toa biological matertal 

Ifflni Jo ^Sr' ^ Of biological recognition (biorecognition). i.e. that can identify or recognize an analyte through S 
affinity or catalytic reaction. The term "biological material- includes not only the materials that have the capacity to Z 

also (b o)chemical compounds present in luring organisms, such as proteins, enzymes, hormones, antibodies ^ligo 
and poly nucleotides, cellular receptors, and that can be obtained directly Irom the living organisms, or synthe icalh; 
semi-synlhetically, or through recombinant DNA technology. In a specific embodiment of this invention, the biorecog- 
nition elernent is selected from the group formed by antibodies, enzymes, hormones, nucleotides, oligo or polynucle- 
otides cellular receptors, intact organs of plants insects or animals, separately or in whatever combinatton between 
them. In a specinc and preferred embodiment of this invention the biorecognition element is an enzyme and especially 
an oxidoreductase or an antibody or labeled antibody or an oligonucleotide probe. / 
Alternatively, said sensors can contain a recognition element modified covalently with a mediator, or with groups 
that provide stability or crosslinking functionalities or with fluorescent or enzymatic labels 

The electrodes and sensors disclosed by this invention can be coupled to whatever conventional detection and 
signal treatment device, andean be used in whatever response mode, as is for example, potentiometric. conductimetric 
amperomelric (inchronoamperometricmode, or in steady state mode, or in Colrell, orColrell-type mode with whatever 
time constant) or in whatever current integration mode, coulometric, or chronocoulometric. In a particular embodiment 
said electrode shows an amperometric steady state response limited by mass transport of the analyte to the electrode 
without externally imposing the mass transport limitation by membranes, while in other specific embodiment said elec- 
trode shows a steady slate response limited by the reaction of the analyte with the biorecognition or chemical recognition 
©lemeni. 

The electrodes and sensors disclosed in this invention can be constructed easily by mixing of the various compo- ' 
nents in the appropriate proportions depending on the characteristics thai are necessary for the analytical task, pref- 
erably in the presence of a small quantity of water or organic solvent depending on if a hydrophilic or hydrophobic 
binder polymer has been used, generally between 1 and 30% of the total weight of the paste, and manipulating the 
resulting paste either manually or with the use of a press or alternatively and preferably, through screen printing and 
jet pnnting techniques, ^ a euiw 

The mixture can be made without necessity to control the humidity In the production stage although as mentioned 
^ the presence of the small amount of the appropriate solvent Improves the homogeneity of the resulting paste In lab- 
oratory scale the mixing can be done in a mortar but in industrial scale a mixing drum or similar equipment can be used 
In general, for sensors or electrodes needed to incorporate specificity, appropriate recognition chemistries can be 
added to the paste as well as a mediator. These components can be added directly to the conducting paste without 
^ fearfortheir deactivation since the microenvironment of the paste can be made compatible with their activity resoeciallv 
« for the biorecognition elements). . ^ ^ ^ 

The resulting conducting paste Is easy to fabricate to electrodes through screen printing techniques or dot matrix 
' or jet pnnting methods. Said paste is versatile and allows the addition of thixotropic materials to facilitate the screen 
printing or agents that lower the viscosity lor jet printing. 

From a more basic point of view, the fundamental advantage of the disclosed paste lie on the fact that permits a 
fast electron exchange and that the mass transport of the substances in its bulk are equally fast. This means that not 
only the material (analyte/substrate) has access to an extended electrocatalytic area, but also that the free movement 
and interaction of the substances included in the paste is allowed, in such a way that the maximum rates of reaction 
and electron transport can be achieved All the components are maintained at the same time In intimate (Contact due 
to the strong interactions of the polymeric binding substance that can be modified specifically for the different sub- 
stances. Given in this way that the resulting signal of the electrooxidation or electroreduction is limited by the flux of 
the analyte lo the analytical surface, the response of Instruments based on the disclosed here electrodes and sensors 
is highly reproducible, unifomi. and of high intensity For these reasons, the response of these instruments is not very 
dependent on the relative amounts of the transductbn and recognition chemistries, and can be miniaturized allowing 
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the incorporallon of mullianafyte electrodes and sensors on small surfaces. This lact Is an additional and unique ad- 
vantage of the disclosed paste compared to the configurations designed until now. In many of them, the dependence 
of the response to the flux of the analyte is established through the addition of a membrane a)ctemally. that its objective 
IS to limit this flux since the rest of the steps in the electrocatalytic cascade are slow (for example, see Matsushita Elec 
Ind. (1989). JP 12112345; Matsushita Elec. Ind. (1989). JP 63317096; Andrleux. C.R. Audabert. P. Oivisa-Btohorn 
B.. and Linquette-Mailiet. S. (1993) J, Electroanal. Chem. 353. 289.296). In the configuration disclosed with this invent 
tion, the operational stability, firmness, mechanical stability, and Integrity of the conducting paste and whatever require- 
ment to make the response of the electrodes limited by the mass transport of the analyte, is achieved through the 
control of the type of polymeric binder and its amount and the degree of crosslinking of this material, process that is 
very reproducible and ean be realized in the same matrix during construction of the sensor or electrode The effect of 
the crosslinkmg agent on the operational stability ol an electrode in which an enzyme is incorporated. Is shown in Table 
1 (see example 3). In general, to observe said effect the polymeric material has to be added in a percentage higher 
than 20% per total weight of the paste, and the crosslinking agent at least at 20 molar % of the functional groups of 
the binding pob/mer. In Figures 2 and 3 and labia l.are also included the most important results that show that the 
steady state amperometrk: response of the disclosed bbsensors in this invention are not limited by the electron transfer 
between the enzyme and the mediator, but by the mass transfer of the substrate to the biosensor or the reaction of 
the enzyme with the substrate. 

The sensors and electrodes disclosed in Ihis invention show high permeability and allow high flux of the substrate 
in their bulk. Giver> that the active area of such electrodes is not limited simply by the area exposed, but by the volume 
of the paste, the described electrodes can be defined as 'phase* electrodes. The active volume of the sensor or elec- 
trode can be easily extended to a depth ol 0.5 cm (distance from the interface) fact that exposes for a limited exposed 
surface, a high electrocatalytic area in the bulk of the phase of the electrode or sensor in which the transport of the 
analyte is free, while at the same time maintaining the integrity of the phase and subsequently the instruments obtained 
are stable, minialurisable, and have mechanical resistance. 

As it can be appreciated, through this invention the concept ol the electrode phases based on conducting particulate 
malenals is introduced. Based on this configuration the electrode and sensor fabrication is simplified and reproducible 
and miniaturisable instruments can be obtained. 

The electrodes and sensors disclosed in this invention have numerous applications in analysis, monitoring and 
detection of anafytes and in the electrochemical production of various products and synthesis inteimedlates. Such 
instruments can be used to detect and quantify compounds and ions in samples, fact that has analytical applications 
In basic research and in clinical diagnosis, environmental and fermentation monitoring. The conducting paste described " 
here can also be used for processes of solid-phase electroextractlon. in the electrochemical production of chernical 
products and in the control of industrial fermentations. 

Subsequently, the invention also describes an analytical instrument that contains at least one electrode described 
by the invention. In a particular embodiment saki analytical instrument is based on a configuration of an electrochemical 
cell of two electrodes where one electrode Is a combined reference-counter and the other Bleclrode is one or rrxjre 
electrode of those described in this invention. In other specific embodiment, said instrument includes electrodes dis- 
closed in this inventk>n that work in a two-electrode electrochemical cell, where one electrode is the source and the 
other the collector of electrons, and a mediator is responsible for the electron transfer from one electrode to the other • 
Alternatively. In other embodiment of this invention, an analytical Instnjment is disctosed based on a configuration with 
an electrochemical cell of three electrodes where one is reference electrode, the second counter and the third includes 
one or more electrodes such as these disclosed in this invention. 

Finally, the invention also discloses an electrochemical device that contains at least one paste composition dis- 
closed in this invention. In a particular embodiment, said device permits flow through its bulk, its bulk being one of the 
compositions described that may or not incorporate a chemical or biological recognltbn element or catalyst and can 
be used for analytical ends (for example affinity column or flow immunosensor) or for extraction or electroextractfon 
(for example solid phase extraction) or as an electrochemical reactor for the production of high added value products. 
The term "electrochemical reactor" without further definition includes reactors incorporating chemical or biochemical 
catalysts. 

EXAMPLE 1 

Construction of an electrode containing an enzyme and a redox mediator 

Electrode containing glucose oxidase 25 mg of graphite powder (Fluka, Merck Index 11th Ed.. 4444) pretreated, 
at 70'».C for 90 s are mixed with 5 mg ol poly(vinylpyridine) partially quaternlzed with elhylamine [see Figure 1b|. This 
mixture is homogenized in a mortar together with 1 mg of a redox mediator, e.g. osmium bls(bipyridine) CIg [see Figure 
Ic], and 1 mg of glucose oxidase (Sigma). The mixing in the mortar is facilitated by addilfon of 200pL of water for the 
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described amounts. The resulting paste can be compacted by hand In any mold or by a press. In the case described 
T.luZn T rj!^ "'^ ''^^^"'^ in a 3 mm (l.d.) mold provided by BAS (BloAnatytical Systems). The 

resulting electrode is dep.cted schematically in Figure la where the accessibility of the aqueous solvent throuqh the 
electrode volume Is also represented. The binder polymer has been synthesfeed following a prevlousty described 
5 procedure f Katakis. I. (1 994) Ph O Thesis. The University of Texas. Austin, p 271. aescnoea 

Electrode containing fnjctose dehydrogenase 

K . Following the above described procedure in Example M . but replacbig glucose oxidase by 5 mg of fructose de- 
10 hydrogensae (Sigma), fructose biosensors were constructed. 

EXAMPLE 2 

Comparison of the electrocatalytic efficiency of an electr ode described In this invention with the a ehievflri with 
conventional carbon paste electrodes! " 

This assay is carried out with a mediator, osmium bis(bipyridlne) CIg [Figure 1 cj. Incorporated to both, the electrode 
described in this invention and the conventional carbon paste electrode. Both electrodes are conslrucled following the 
procedure described in Example 1 . containing a similar mixture of mediator and graphite powder ( 1 mg of mediator 

20 per 25 mg of graphite Fluka preteated as described in Example 1). For the electrode described in this invention the 
mixture is further homogenized with 5 mg of poly{vinylpyridine) partially quatemized with ethylamine (Figure 1 b) vihile 
for Ihe conventional carbon paste electrode 10 ^L of paraffin oil (Fluka. Merck Index 11lh Ed., 7139) are added'to the 
graphite powder. After compacting both pastes in the respective molds, a cyclic voltammogram of each configuration 
IS obtained in a conventional three electrode electrochemical celi. where the reference electrode is a saturated Ag/ 

2S AgCI electrode and the auxiliary a platinum electrode. The supporting electrolyte is 0.25 M perchlorale pH 6 5 and the 
scan rate is 20 mV s'\ The results are presented in Figure 2. The conventional electrode shows a peak separation 
larger than 250 mV and an oxidation current peak of about 1 4 ^A after subtraction of the background current (Figure 
2A). In contrast, the electrode described in this invention shows a reversible wave {Figure 2A) with a peak separation 
of about 70 mV and an oxidation current peak of about 1 00 jiA. The higher current obtained Indicates that the available 

30 electrocatalytic surface area of the electrode described in this invention is much larger than in the conventional elec- 
trode. The small peak separation indicates that electron transfer is favored, and this phenomenon is not observed in 
conventional electrodes in which a large peak separation is obsenred due to the fact that strong adsorption to the 
hydrophobic phase or strong ionic association is limiting the response [Dalton. E.F. Surridge. N.A., and Murray R 
(1990) Chem. Phys., 141. 143-151; Inzelt. G., andSzabo, L. (1980) F/ecf/oc/i/Vn. Acfa.31, 1381-1387; Bard. A.J and 

35 Faulkner, LR (1980) Electrochemical Methods. Fundamentals and Applications. John Wiley and Sons. New York] 



so 



EXAMPLE 3 

Construction of enzyme biosensors 



Folkjwing the procedure of Example 1, biosensors based on the electrodes disclosed in this invention can be 
constructed and their performance compared to that obtained with biosensors constructed by convent ional procedu res. 
In general, these biosensors operate amperometrically which means reoxidation of a redox mediator that has been 
reduced by an enzyme in the presence of its substrate. The general reaction sequence that leads to an oxidation 
current (If the enzyme is an oxidase or a dehydrogenase) is as follows: 

Enzyme^^^j + Substrate > Enzyme^^^^^ + Product 

^"^y^^^reduced * ^ediator^^^^ Enzyme^^^j + Mediator^^^^^ 

'^^•alO'-redueed > M^^iator^^^ + a' 

The last reaction occurs on the surface of the electrode or the conductive particles and the electrons obtained give 
an oxidation current that is proportk)nat to substrate concentration (analyte). 
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3.a Glucose biosansofs 

c«rh«!r^»^/!.i*?^ °" ^ conducliva paslo. prepared as described in Example 1. are constructed. Conventional 
ca bon pasta electrodes are cor,stajcted with no addilion of binder polymer but Instead 1 0 ^L of paraffin oil are added 
before homogonization of the paste consisting Of 25 mg Of graphite ^^^^ 

lta?e man?/! ' T^T "tr^ ^ w"'"" ^VP- of mediators have been used to dam' 

the m^l^f !IL f .K t ^ c'"*'"'*'" "^^"^^ °' '^^ «"'y'"« electrodes. In configuration B 

?en^«dt ,h- i^-t •^t'^'P"'^ bis(bipyridin9)Ci2. and in configuration A the mediator usedis 

t^l J, wi h ^ !,!lv '"^(^'Py"*"«) (4-methylaminopyridine)CI. The steady state response curves 

^fTnnr 9'""=°^^ ^^^^^ Figure 3a (for the electrodes described in this inventton) 

and 3b (for conventional carbon paste electrodes). These curves are obtained as follows: In a conventional^ 
electrode electrochemical cell, with vigorous stirring, under nitrogen saturation and at 2r C; the working e ^trodTS 
mm i.d.) IS introduced into the cell and a potential of 100 mV versus Ag/AgCI is applied for configuration B and 400 
^l^nm ,'°? P^'^*^'"^^'* M pH 6.5. After a stable background cC"renUs 

obtained, different glucose concentrations (shown in the figure) are added allowing stabilization of the current between 
successive aQuftions. 

Figure 5 shows the current peaks obtained with above described working electrode, configuration A. operating in 
the flow iniec ion mode with consecut^re injections of 40 mM glucose. The flow rate is 1 mL min-<. the injection volume 
IS 20 |iL and the cameris 0.25 IMperchfcsrale buffer pH 6.5. 

3.b Fructose biosensors 

For the °°™lrucjion of these biosensors, the same procedure as that described in Example 3a is foltowed with 
_ tt,e exception ttiat a PCJQ dependent Iructose dehydrogenase is used. The enzyme is added in amount of 5 mg per 
25 mg of graphite from an 25 mg mL"' enzyme solution in 0. 1 M acetate butler pH S.O containing 0 1 % Triton X- 1 00 
The response of these electrodes to different Iructose ooncenlralions is shown in Figure 4 following the same exoer- 
irTiental conditions described in Example 3a. Figure 4a corresponds to conventional carbon paste electrodes of 3 mm 
i.d. and Figure 4b to the electrodes described in this invention of 1 mm i.d.. As in Example 3.a. two different mediators 
Hi?hII^HH"'^wc'^' ^ TT'r"" '"^<t'T'""^' (4-methylaminopyridine) CI (A) (Figure 3) and osmium bis(bipyridine) 
dichlonde (B) (Figure 1c). Figure 4b shows electrodes with 1 mm i.d. that incorporate said mediators. 

EXAMPLE 4 



15 



20 



30 



„ optimisation of biosensors based on electrodes described in thte i n vention through crosslinkir^o »ncl aoolication o f Inw 
« operating potentials 

The configuration of the electrodes in this invention offers a large electroactive surface area that results in a per- 
meable phase from which the biorecognition element and ttie mediator could leak to the solution The large surface 
area gives high background currents, i.e. currents for a blank solution. Both problems can be avoided as it Is shown 
10 in Table 1 . It is demonstrated that with the Incorporation of a cross-linking agent, e.g. polyepoxide [see Figure 1 dl as 
poV(elhylene glycol)-diglycldyl ether with. 12 -C-O- units (Polysciences), the robustness and consequently the stability 
of the bkjsensor easily improve and the background currents decrease with the incorporatkjn of a redox mediator with 
a lower redox potential (e.g. osmium bis(4,4'-dimethyl-blpyridine)(l-propylamino lmidazol)CI. referred as OsDIWEI in 
Table 1). 

4S 

EXAMPLE 5 

Construction of bicelectrochemical reactors based o n the conductive paste described in this invention, soecificariv a 
reactor for the production of oiuconic acid with immobilized glucose oxid asa ■ — 
so 

2 mg of mediator or polymer with redox activity are mixed with 30 jiL of water (f^^illi-Q). l mg of glucose oxidase 
(Aspergillus nigBf. EC 1 . 1 .3.4) supplied by Sigma. 2.5 mg of cross-linking agent [Katakls. I. Development and Analysis 
of Operatfon of Enzyme Electrodes Based on Electrochemically 'NAflred* Oxidoreductases,. 1 9g4. Ph.D. Thesis, Uni- 
versity of Texas at Austin), and 25 mg of graphite powder prevfously activated at 700» C for 90 s. 
ss After drying, the resulting paste Is packed Into a 1 0 jiL reactor (1 mm i.d.) with two filters in both ends of the reactor 

Electrical contact was affected with a gokl wire. 

The electroreactor was introduced in a conventfonal monochannel flow injection system. The electrochemical cell 
had the reactor as a working electrode, a Ag/AgCI reference electrode and a stainless steel connection as auxiliary 
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electrode. 



was 400 mV versus Ag/AgCI. ' ^0 and lh» applied potential 

Tha bioreactor can be used (or production as well as lor detection 



Claims 



3. 



5. 



G. 



• ^'^°-'»"«-o«'inS«oclaim1.inwhichthepa,ticula.econducUngma.erfe^ 

hi m^r?""-*??*** °P"°"="y to include various funclionaliiies- 

b) . metal particles or melalHc oxides, conductors or semiconductors- 

c) . metalised carbon particles; and 

d) . combinations of said materials a)-c). 

Comp^osition according to claim 2 in which said metal oxide particles are ruthenium oxide, Xin oxide or .heir com- 



8. 



°' 'f^^ P^'y^^^i^ binding substance and/orthe conducting phase 
for example amines, carboxylic acids, alcohols, anhydrides, aldehydes- and/or <=°noucTing phase. 

unctionalities that improve the inleracllons of the polymeric binding substance with the conductino oartiel«, 
for example aromatic rings, thiols, sulfhydriles; and /or conoucting particles, 

modilying groups that can also be included in the conducting paste by electrostatic Interactions andfor h«dr«. 

Composition according tha claim 7. in which said hydrophilic polymer Is a Dolvaihi/lftinimin*. k«.«^», ^ r 
opt^nally de.va.ised. or a polyvinyl pyridine) poiym'e, o^onaTj^uate-^Kh^a^^^^^ °' 

1^ kDa o^Zi^ l.nea, insoluble In water and aqueous solvents with molecular weight betZn 10 and 

To^^rn^^ubrn'srcrs^tr^^^^^^ 
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10. Composition according to any ol claims 7 to 9 in which the polymeric binding substance additionally comprises 
suriace-mod.fled nanopanicles with groups suitable for htaracions with the polymer or w»h the conduC^parti! 

' ^maTi'l-TT"''"^ ^f^"^ ^ i" "^a^ '^^ wosslinking agent Is contained in a molar proportion of at least 20% 
of the unct^nal groups of the polymeric binding agent and of the conducting particles, and is selected from me 
group formed by bi or multi-lunctional substances, hetero or homo functional, that can react easiV with the bindina 
jwlyrner lunctionalrties mentioned, in organic or aqueous solvents, said functionalities including bi- or mulli-func- 

ammas, and di or polythiots. 

1Z (^mposltion according to claims 1 to 11 in which the electrochemical redox mediator is selected from the group 
hat IS formed by metal complexes. low molecular weight electron transfer proteins, quinoid substances, phen^ine- 
SlomerEirct^^ ^^'''"^ ^ '^'^ ^^'^ ^"^ Saturated 

13. Composition according to claims 1 to 12 in which the chennlcal recognition element is an ion selective cocktail or 
a metal complex capable ol catalysing analyte reactions. • 

14. Composition according to claims 1 to 12 in which the biorecognition element is a biological material that can se- 
lactively identify and interact with an analyte through a catalytic or affinity reaction. 

15. Composition according to claim 14 in which the biorecognition element is further selected from biological materials 
with capacity to replicate themselves directly or indirectly. 

16. Composition according to claim 14 in which the biorecognition element is further selected to be a biochemical 
component of a living organism or one obtained through synthetic, semisynthetic methods, or through recombinant 
UNA technology. 

17. Composition acconding to claim 16 in which the biorecognition element is selected from the group formed by an- 
tibodies. enzymes, hormones, cucleotides. oligo and polynucleotides, and cellular receptors, 

18. Composition according to claim 1 7 in which the biorecognition element is an oxidoreductase enzyme. 

19. Composition according to claim 14 in which the biorecognition element is modified covalently with a mediator, or 
with groups giving stability or cross-linking functionalities, or with fluorescent or enzymatic labels. 

20. An electrode incorporating the electron conducting composition in paste fomi of whichever of the claims 1 tol9. 

21. Electrode as in claim 20. coupled to an Instrument of detection and signal treatment in a way that responds in a 
mode selected from the group consisting of potentlometric. conductimetric. amperometric (chronoamperometric 
or steady-state, or Colrell or Cotrell-typa currents with whatever time constant), or in whatever mode of current 
integration, coulometric or chronocoufometric. 

2Z Electrode as In claim 21 that shows steady state amperometric response limited by analyte mass transport to the 
electrode phase, said limitation not imposed by the use of external rhembranes. 

23. Electrode as in claim 21 that shows a steady state amperometric response limited by the reaction of the analyte 
with the biorecognition or chemical recognition element. 

24. A sensor that includes an electron conducting composition according whichever of the claims 1 to 19. where a 
chemical or biological recognition element is Included with or without a mediator. 

25. A sensor according to any of the claims 19 to 30. Incorporated to a detection and signal processing device re- 
spending In any of the following operation modes: potentlometric. conductiometric. amperometric (in any mode, 
steady state, cronoamperomeiric. CotreU or Cotrell4ype response with any time constant) or In whatever mod© of 
current Integration, coulometric or chronocoulometric. 
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26. A procedure to fabricate electrodes of claims 20 to 23. or sensors of clairrjs 24 and 25 that consists of: 

mixing the particulate conducting material, the binding polymer, the crossHnking agent and the mediator In the 
presence of a 1 -20% per total weight of water or organic soh/enl depending on If a hydrophllic or hydrophobic 
polymer are used respectively; and 

forming the resulting paste manually or with a press In a mold, or printing it by screen printing or jet printing. 

27. An analytical Instrument based on a configuration of a two electrode electrochemical cell where one of them is a 
reference-auxiliary combined electrode and the other comprises, of at least one working electrode of whichever 
of the claims 20 to 23. 

28. An analytical instrument based on a configuration of a three electrode electrochemical cell where one of them Is 
a reference electrode, another Is an auxiliary and the third one comprises of at least one working electrode of anv 
of the claims 20 to 23. 



29. A flow-through electrochemical equipment consisting of an electrode according any of the claims 20 to 23. or a 
sensor according to any of the claims 24 to 25. adapted for the detection of an analyle. 

30. A flow-through electrochemical equipment comprising an electrode according to any of Ihe claims 20 to 23, or a 
sensor according to any of the claims 24 to 25, adapted for solid phase extraction or electroextraction. 

31. A fiow-through electrochemical equipment comprising an electron conductive composition, in form of paste, ac- 
cording any of the claims 1 lo 19 adapted for the obtention of products. 
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